Abstract: This paper describes the architecture of a divide-by-N prescaler and a divide-by-N /N + 1 dual-modulus prescaler based on a shift register and a multi-input NOR gate. The divide-by-N prescaler has a circuit style similar to a linear feedback shift register (LFSR), except for the fact that a multi-input NOR gate is used instead of XOR gates. This architecture can be applied to various division ratios of N ≥ 2 by changing the numbers of flip-flops and NOR-gate inputs according to specific rules, which will be explained in this paper. The state of the prescaler runs through the correct loop without requiring a reset signal or an initialization circuit.
Introduction
Phase-locked loops (PLL) have been typically employed in communication IC's and data interfaces for clock generation. Most PLLs include dividers in order to obtain higher frequencies by means of multiplying the reference frequency. A dual-modulus or multi-modulus divider is commonly used in a multi-rate PLL and a fractional-N PLL for frequency synthesis including a spread-spectrum clock generator (SSCG) [1, 2, 3, 4, 5] . In this paper, we use a dual-modulus divider to achieve a fractional-N PLL. By toggling between the two integer division ratios, N or N + 1, a fractional division ratio can be achieved by time-averaging the divider output. The relationship between the VCO-clock frequency (f VCO CLK ) and the reference frequency (f REF CLK ) can be described as
(
In this paper, the proposed divide-by-N and divide-by-N /N + 1 dualmodulus prescalers are designed using conventional flip-flops and NOR-gates. The division ratio can be adjusted by varying the numbers of flip-flops and NOR-gate inputs. Of course, if high-speed flip-flops are used as in [2, 3, 4, 5] , the operating frequency can be much increased. However, in this paper, the architecture itself is focused on rather than the circuit. This paper is organized as follows. Section II describes the architecture of the proposed divideby-N and divide-by-N /N + 1 prescaler circuits. The experimental results are provided in Section III. Finally, Section IV concludes and summarizes this paper.
Architecture of divide-by-N and divide-by-N /N +1 prescalers
The proposed divide-by-N prescaler circuits are presented in Fig. 1 . The divider has a circuit style similar to a linear feedback shift register (LFSR) [6] . However, while the typical LFSR [6] uses XOR gates and generates a pseudo-random binary sequence (PRBS), the proposed divider uses the NOR gate and generates consecutive '0's and consecutive '1's, which may be thought of as a clock signal with a long period.
In the proposed circuits, the division operation is performed without a reset signal or an initialization circuit. For example, let the divide-by-7 prescaler start with any initial state out of the all states ranging from "0000" to "1111". Although the shift register may go through some transient states, it finally goes into the correct loop, which consists of "0000", "1000", "1100", "1110", "0111", "0011", and "0001". Not only the divide-by-7 prescaler but also any divide-by-N prescaler (N ≥ 2) has its own correct loop, in which the state of all '0's is always included. Once the outputs of the flip-flops are all '0's, the leftmost flip-flop (e.g. Q [3] in the divide-by-7 prescaler) will have '1' as the output in the next cycle. Until this '1' is shifted and reaches to the flip-flop whose output is connected to the NOR-gate (e.g. Q [1] in the divide-by-7 prescaler), the leftmost flipflop will have '1' continuously. If at least one of the NOR-gate inputs is '1', the leftmost flip-flop will have '0' until the outputs of the flip-flops are all '0's. Therefore, a rule can be derived for the number of the flip-flops (K N ) and the number of the NOR-gate inputs (R N ) when the division ratio (N ) is larger than one. Here, an inverter is thought of a one-input NOR gate in the case of divide-by-2/-4 circuits. As inferred from the above explanation and tabulated in Fig. 1 (g) , the number of '0's in the output sequence is the same as K N and the number of '1's is the same as K N − R N + 1. Because the sum of the numbers of '0's and '1's is equal to N ,
As shown in Fig. 1 (g ), whenever N increases by three, K N increases by two and R N increases by one. Therefore, the relationship between K N and N can be derived inductively as shown in Eq. (3). And, from Eq. (2-3) , R N can be expressed as Eq. (4) .
where is the floor symbol. With the proposed architecture, a division ratio of any natural number greater than one can be supported without cascading dividers whether the division ratio is a prime number or a composite number.
A divide-by-N /N + 1 prescaler can be designed by combining a divideby-N prescaler and divide-by-N + 1 prescaler as shown in Fig. 2 . One input of the AND gate is MC, which controls the division ratio. When MC is '0', the division ratio is N . When MC is '1', the division ratio is N + 1. In the proposed divide-by-N /N + 1 prescaler, a rule can also be derived for the number of the flip-flops (K N/N+1 ), the number of the NOR-gate inputs (R N/N+1 ), and the position of the AND gate. First, K N/N+1 is determined as the greater one of K N and K N+1 , which are the numbers of the flip-flops in the divide-by-N and divide-by-N + 1 prescaler circuits, respectively. Thus,
Second, R N/N+1 is determined as the greater one of R N and R N+1 , which are the numbers of the NOR-gate inputs in the divide-by-N and divide-by-N + 1 prescaler circuits, respectively. Thus,
Third, the position of the AND gate is determined by whether or not N is a multiple of three. When N is a multiple of three, the AND gate is located at the output of the R N 'th flip-flop, Q[R N − 1] and MC is used. Otherwise, when N is not a multiple of three, the AND gate is located at the output of the rightmost flip-flop, Q[0].
Experimental results
In order to verify the proposed architecture, a divide-by-10 circuit in Fig. 3 (a) and a divide-by-11 circuit in Fig. 3 (b) are designed and then combined to be a divide-by-10/11 circuit in Fig. 3 (c) according to the aforementioned rules. However, the four-input NOR gate has relatively high fanin, resulting to large gate delay. In order to reduce the gate delay, the four-input NOR function is implemented by a multilevel (or cascaded) logic circuit using INV gates and two-input NOR/NAND gates, which shows the same functionality but smaller delay. Although any signal of Q [6:0] can be selected as FB CLK, Q [6] is selected in this design. Fig. 3 (d) shows a test fractional-N PLL circuit to demonstrate the functionality of the divide-by-10/11 circuit, which is designed in 0.11-µm CMOS technology. The division ratio is selected by MC . The frequency (f REF CLK ) of the reference clock (REF CLK ) is 142.9-MHz (= 1/7 ns). Fig. 3 (e) shows the simulated waveforms of VCO CLK and FB CLK, which are the input and output signals of the divide-by-10/11 circuit, respectively. When MC is '0', FB CLK exhibits a periodic pattern of "1111 0000 00" with only two transitions in one period. When MC is '1', FB CLK exhibits a periodic pattern of "1111 0000 000." Regardless of MC, FB CLK shows a high duration of 4×T VCO CLK . Here, T VCO CLK is the period of the VCO clock, VCO CLK. The duty cycle of FB CLK is not important because only the rising edges are used for phase/frequency detection in the PFD.
MC is intentionally controlled to be alternately toggled between '0' and '1' as shown in Fig. 3 (e) . Therefore, the reference frequency is multiplied by 10.5, thereby resulting in the generation of 1.5-GHz (= 10.5 × f REF CLK ) VCO CLK as shown in Fig. 3 (f) . The spectrum also shows spurious tones at 1.429 GHz (= 10 × f REF CLK ) and 1.571 GHz (= 11 × f REF CLK ).
As aforementioned, the proposed divide-by-10/11 circuit is designed using conventional flip-flops and logic gates. If high-speed flip-flops and gates are used as in [2, 3, 4, 5] , the operating frequency can be much increased.
Conclusion
In this paper, we propose the architecture of a divide-by-N prescaler and a divide-by-N /N + 1 dual-modulus prescaler. By changing the numbers of the flip-flops and the NOR-gate inputs according to specific rules, the divideby-N prescaler can be easily designed for any division ratio, as long as it is greater than one, without cascading dividers whether the division ratio is a prime number or a composite number. Moreover, the divide-by-N /N + 1 prescaler is designed by combining the divide-by-N prescaler and divide-by-N + 1 prescaler circuits with an AND gate. The divide-by-N prescaler and divide-by-N /N +1 prescaler operate without a reset signal or an initialization circuit.
